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INTRODUCTION 


The  purpose  of  this  study  was  to  evaluate  the  Influences  of  the 
.  joint  width  and  depth  on  seal  behavior  and  failure  mechanisms  using  fi¬ 

nite  elements  and  comparing  them  with  the  simplified  techniques  of  Ref¬ 
erence  1.  Understanding  of  the  failure  mechanisms  and  modes  is  needed 
«  to  explain  failures  that  actually  occur  in  the  field  and  may  help  to 

reduce  joint  seal  costs,  which  are  estimated  to  be  $12M  annually.  The 
ABAQUS  finite  element  program  (Ref  2)  was  used  to  calculate  the  joint 
seal  responses  to  various  pavement  expansions. 

Egons  Tons  (Ref  1)  proposed  an  analytical  means  for  evaluating 
pavement  seal  behavior.  The  basic  assumptions  made  in  Reference  1 
Include; 

1.  The  joint  cross  section  is  rectangular. 

2.  The  sealer  is  a  liquid-type  homogeneous  compound  which  cannot 
change  in  volume  but  changes  shape  in  response  to  joint 
extensions . 

3.  The  free  surface  curves  after  extension  are  parabolic. 

4.  The  free  surface  curves  after  extension  are  the  same  for  both 
the  top  and  bottom. 

5.  The  minimum  and  maximum  joint  extensions  are  the  indicators  of 
the  total  strains  in  the  sealer. 

6.  The  strain  in  the  sealer  along  the  free  surface  parabolic  curve 
is  uniformly  distributed. 

Reference  1  also  implies  that  the  maximum  strain  occurs  along  the 
free  surface  parabolic  curve.  The  terms  associated  with  the  parabolic 
curve  are  given  in  Figure  1.  Using  the  above  assumptions  Reference  1 
evaluates  the  Influences  of  the  joint  width  and  depth  and  then  compares 
,  them  to  experimental  results. 

In  the  finite  element  analysis  assumptions  1,  2,  4,  and  5  of  Ref¬ 
erence  1  were  used.  Assumption  3,  stating  that  the  free  surface  assumes 
•  a  parabolic  shape  upon  extension,  is  not  enforced  with  the  finite  element 

analysis.  Eight-node  quadrilateral  elements  with  quadratic  Interpolation 
were  used.  These  elements  are  capable  of  modelling  a  parabola  on  the 
free  surface  if  that  is  what  equilibrium  dictates,  but  they  are  not  re¬ 
stricted  to  it.  In  the  finite  element  analysis  the  strain  distribution 
is  computed  element  by  element  and  therefore  the  assumption  (no.  6)  that 
the  strain  is  uniformly  distributed  along  the  free  surface  is  not  enforced. 
Also,  all  strains  are  evaluated  in  the  finite  element  analysis  so  that 
the  maximum  strains  may  not  necessarily  occur  on  the  free  surface. 
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ELASTIC  CALCUIATIONS 


Evaluations  were  made  of  the  finite  element  mesh  of  the  pavement 
seal  using  linear  elastic  elements.  A  symmetric  quarter  (or  a  1/8-  by 
1/8-lnch  section)  of  a  1/4-  by  1/4-lnch  rectangular  seal  was  modeled 
with  a  10  by  10  element  mesh  (see  Figure  2).  Eight-node  elements  were 
chosen  because  the  curvature  of  the  free  surface  of  the  deformed  model 
was  expected  to  be  nearly  parabolic.  The  plane  strain  formulation  was 
used  because  the  seal  is  modeled  as  a  perpendicular  slice  of  a  long  sec¬ 
tion  of  the  pavement  seal.  The  pavement  edge  is  defined  as  rigid  with 
perfect  bond  to  the  seal  (i.e.,  the  seal  can  rotate  but  not  translate). 
The  centerline  surfaces  were  modeled  with  symmetric  boundaries.  The 
finite  element  model  was  subjected  to  an  extension  of  50  percent  (1/8 
inch).  Using  Reference  1,  the  expected  depth  of  the  parabola  is  H  = 
-0.0625  inches  and  the  maximum  strain  is  S  =0.60. 

Four  calculations  were  made  using  a  Young's  modulus  of  10  psl, 
various  Poisson's  ratios  (u),  and  an  elastic  formulation  which  is 
applicable  only  for  small  strains  (i.e.,  e  «  1).  These  calculations 
were  made  to  evaluate  the  mesh  and  how  compressibility  (i.e.,  Poisson's 
ratio)  Influences  the  behavior.  The  Poisson's  ratio  included:  0.0,. 

0.3,  0.49,  and  0.50. 

Figure  3  shows  the  free  surface  deformation  as  calculated  by 
Reference  1  (parabola)  and  the  finite  element  method  (FE  results).  As 
the  Poisson  ratio  Increases  the  Indentation  increases.  Although  the 
magnitudes  are  different,  the  predicted  shapes  are  closely  approximated 
by  the  parabolic  shape  described  by  Reference  1.  The  strains  calculated 
by  the  finite  element  method  on  the  free  surface  are  shown  in  Figure  4. 
Near  the  center  of  the  seal,  all  of  the  finite  element  results  tend  to 
converge  and  remain  nearly  uniform.  Near  the  pavement  edge,  however, 
the  finite  element  results  indicate  a  sharp  increase  in  strains. 

An  additional  calculation  was  made  with  this  elastic  formulation 
but  Included  geometric  nonlinearities  (where  stress  and  strain  depend 
upon  the  deformed  position).  The  plot  of  the  free  surface  is  shown  in 
Figure  5  and  shows  a  significant  departure  from  the  parabolic  shape. 

The  free  surface  predicted  using  geometric  nonlinearities  "curves  in" 
more  near  the  edge  and  tends  to  "flatten  out"  near  the  middle  resulting 
in  a  smaller  indentation. 


PAVEMENT  SEALS 

Hyperelastic  Model  Parameters 

The  hyperelastic  material  model  in  ABAQUS  (Ref  2)  was  used  for 
modeling  the  pavement  seals.  This  model  incorporates  both  large  strain 
formulation  and  geometric  nonlinearlties .  For  this  study,  an  incompress¬ 
ible  material  was  assumed  although  compressibility  can  be  incorporated. 

A  literature  review  revealed  very  little  test  data  (e.g.,  stress-strain) 
on  pavement  seals.  Reference  3  provided  some  tensile  tests  of  several 
types  of  seals  (see  Figure  6).  To  get  a  representative  sample  of  seal 
behavior,  three  types  of  seals  were  chosen  for  analysis:  (1)  rubberized 
asphalt,  (2)  silicone,  and  (3)  polysulfide.  ABAQUS  (Ref  2)  has  curve 
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fitting  procedures  within  the  program  for  fitting  the  hyperelastic  model 
parameters  to  the  tensile  test  results.  The  results  of  this  parameter 
fitting  are  given  in  Table  1. 

Hyperelastic  Model  Tests 

Finite  element  calculations  using  the  hyperelastic  material  model 
were  made  using  the  same  mesh  as  the  elastic  calculations  (see  Figure 
2).  The  three  pavement  seal  types  were  modeled  with  the  Incompressible 
hyperelastic  model  and  given  a  horizontal  extension  of  1/8  inch  (50  per¬ 
cent).  Reference  1  gives,  for  any  1/4-  by  1/4-inch  pavement  seal  sub¬ 
jected  to  a  50  percent  extension,  an  Indentation  (H  =  0.0625  Inches)  and 
a  strain  along  the  surface  (S  =  0.60).  The  free  surface  deformation 
calculated  by  the  finite  element  models  was  nearly  the  same  for  all  of 
the  seal  types  and  is  compared  with  the  predicted  parabola  in  Figure  7. 
The  finite  element  results  indicate  a  greater  curvature  of  the  free 
surface  near  the  pavement  edge  and  an  Indentation  at  the  center  is  less 
than  the  parabola.  This  is  similar  to  the  elastic  calculation  with  geo¬ 
metric  nonlinearities  (Figure  5).  The  extension  strains  along  the  free 
surface  were  calculated  by  the  various  finite  element  models  and  were 
nearly  the  same.  These  are  compared  to  the  0.60  uniform  distribution 
predicted  by  Reference  1  and  are  shown  in  Figure  8.  The  results  in¬ 
dicate  large  strains  at  the  pavement  edge  that  rapidly  decay  a  short 
distance  from  the  pavement  then  steadily  increase  toward  the  centerline. 
The  strains  are  all  above  the  predicted  value  of  0.60. 

Contour  plots  from  the  finite  element  calculations  indicated  that 
the  strains  everywhere  were  the  same  for  all  models.  Contours  of  the 
extension  strain.  Ell;  the  vertical  strain,  E22;  and  the  shear  strain, 

E12  are  shown  in  Figures  9,  10,  and  11,  respectively.  The  largest  strain 
(e.g.,  3.1)  is  in  the  extension  direction  and  occurs  at  the  corner  of 
the  free  surface  and  the  pavement.  All  of  these  plots  Indicate  large 
gradients  near  this  corner. 

The  similarities  in  strains  between  the  different  materials  can  be 
explained  in  terms  of  the  constraints  on  the  mesh.  The  pavement  edge  is 
completely  constrained,  both  the  vertical  and  horizontal  centerlines 
only  allow  sliding,  and  the  incompressibility  constraint  and  plane 
strain  formulation  allow  no  extension  in  the  long  direction  (out  of  the 
plane  of  the  paper).  Kinematically,  the  material  can  only  respond  in  a 
limited  fashion.  The  stresses,  however,  do  vary  with  the  material  type. 
The  maximum  principal  stresses  range  from  110  psi  in  the  polysulfide,  60 
psi  in  the  silicone,  and  50  psi  in  the  rubberized  asphalt.  The  maximum 
stresses  all  occur  at  the  corner  of  the  pavement  and  the  free  surface. 

Finite  Element  Meshes 

Both  the  elastic  and  hyperelastic  finite  element  analyses  Indicated 
that  there  was  a  large  gradient  in  terms  of  strain  and  stress  at  the 
corner  of  the  free  surface  and  pavement.  The  uniform  mesh  (Figure  2) 
and  two  other  meshes  were  examined  to  determine  whether  a  finer  mesh  is 
required  to  capture  the  gradient.  The  polysulfide  hyperelastic  material 
was  used  as  a  basis  for  evaluating  the  meshes.  Mesh  2  uses  the  same 
number  of  elements  but  condenses  them  near  the  corner  (Figure  12).  Mesh 
3  subdivides  every  element  in  mesh  2  by  four  (Figure  13). 
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Each  mesh  was  subjected  to  a  horizontal  extension  of  1/8  inch  (50 
percent).  The  free  surface  deformation  showed  a  marked  difference  from 
a  parabolic  assumption  but  little  difference  between  the  meshes  (Figure 
14).  The  vertical  strains  (E22),  and  the  shear  strains  (E12)  show  vir¬ 
tually  no  differences  between  the  meshes.  The  extension  strain  (Ell) 
shows  no  differences  between  the  meshes  except  at  the  corner  node  at  the 
intersection  of  the  free  surface  and  the  pavement.  Figure  15  shows  the 
Ell  strain  on  the  free  surface  for  each  of  the  meshes  (compared  to  the 
0.60  calculated  by  Reference  1).  As  the  element  near  the  corner  is  re¬ 
duced  with  each  succeeding  mesh,  the  strains  at  the  corner  increase 
dramatically.  Strains  everywhere  else  on  the  surface  show  little  dif¬ 
ference  between  the  meshes  (Figure  15).  The  principal  strains  at  the 
corner  are  given  in  Table  2.  The  maximum  principal  strain  increases  as 
the  corner  element  is  reduced  in  each  succeeding  mesh.  The  minimum 
principal  strain  and  the  angle,  however,  show  little  difference  between 
the  meshes.  The  extension  strain  (Ell)  for  each  of  the  meshes  is  com¬ 
pared  at  levels  slightly  below  the  surface.  The  strain  at  0.00625  inches 
below  the  surface  is  shown  in  Figure  16  and  at  0.0125  inches  below  surface 
in  Figure  17.  The  strains  at  these  levels  are  essentially  the  same  for 
all  meshes.  Figures  15,  16,  and  17  all  show  the  same  basic  shape;  high 
strains  near  the  pavement  that  drop  rapidly,  then  steadily  increase  toward 
the  centerline.  This  shape  similarly  appears  in  the  other  materials 
(Figure  8). 

Contour  plots  of  the  Ell  strain  were  made  for  all  of  the  meshes  (a 
typical  plot  is  shown  in  Figure  18).  These  plots  indicated  that  the  Ell 
strain  was  the  same  everywhere  for  all  of  the  meshes,  except  right  at 
the  corner  node. 

The  high  strain  in  the  corner  region  appears  to  be  a  realistic 
response  of  the  seal  as  it  is  subjected  to  extension.  Figures  15,  16, 
and  17  show  a  consistent  increase  in  strain  near  the  corner.  The  peak 
value  at  the  corner  node,  however,  varies  with  the  mesh  (Table  2).  This 
variation  in  the  strain  at  the  corner  node  can  be  partially  explained  in 
that  as  the  meshes  are  refined  the  element  size  is  reduced  and  therefore 
the  Integration  points  are  closer  to  the  corner. 

Influence  of  Seal  Width 

Two  different  widths  were  examined  to  determine  the  Initial  width 
influence  on  the  strains.  The  symmetric  quarter  of  a  1/4-  by  1/4-inch 
seal  modeled  with  mesh  2  (Figure  12)  was  used  as  the  baseline  and  compared 
to  a  seal  1/4  inch  deep  with  a  1/2-lnch  initial  width  (Figure  19).  TVo 
calculations  were  made:  (1)  the  1/4-  by  1/2-inch  seal  was  subjected  to 
a  1/8-lnch  extension  (25  percent),  and  (2)  the  1/4-  by  1/2-lnch  seal  was 
subjected  to  a  1/4-lnch  extension  (50  percent). 

The  results  for  the  1/4-  by  1/2-inch  seal  subjected  to  a  1/8-inch 
extension  are  given  in  Table  3.  The  results  for  the  1/4-  by  1/2-inch 
seal  subjected  to  1/4-inch  extension  (50  percent)  are  given  in  Table  4. 

In  both  tables  the  extension  strain  (Ell)  is  given  at  the  corner  and  on 
the  surface  at  the  centerline.  Although  the  corner  node  strain  is 
questionable,  it  is  used  here  as  a  comparison  between  different  widths 
and  depths.  The  corner  element  is  the  same  size  for  all  of  the  meshes 
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used  In  the  comparisons.  Both  tables  indicate  the  reductions  are  con¬ 
sistent  for  the  finite  element  strains  and  the  uniform  strain  predicted 
by  Reference  1  as  the  width  is  increased. 

The  free  surface  shapes  for  both  the  parabolic  prediction  and  the 
finite  element  results  for  1/8-lnch  and  1/4-inch  extensions  are  shown  in 
Figure  20.  This  plot  shows  a  greater  deviation  of  the  finite  element 
results  from  the  parabolic  shape  as  the  extension  is  increased.  The 
strains  computed  by  finite  elements  on  the  free  surface  for  both  ex¬ 
tensions  are  shown  in  Figure  21.  It  can  be  seen  in  Figure  21  that  the 
surface  strains  have  the  same  basic  shape  as  the  1/4-  by  1/4-inch  seal 
surface  strains  (Figure  15). 

Influence  of  Seal  Depth 

Two  different  depths  were  examined  to  determine  the  Influence  of 
depth  on  the  strains.  The  1/4-  by  1/4-lnch  seal  was  again  used  as  the 
baseline  and  compared  to  a  seal  1/2  inch  deep  and  with  a  1/4-lnch  initial 
width  (Figure  22).  The  corner  element  where  high  strains  occur  is  the 
same  size  for  both  meshes.  A  calculation  was  made  for  an  extension  of 
1/8  inch  (50  percent). 

The  results  for  the  1/2-  by  1/4-lnch  seal  compared  to  the  1/4-  by 
1/4-lnch  seal  are  given  in  Table  5.  These  results  show  a  predicted 
increase  in  strains  via  Reference  1  of  45  percent.  The  predicted 
increase  via  the  finite  element  method  varied,  depending  on  location, 
from  4  to  70  percent.  The  free  surface  deformations  computed  by  finite 
elements  and  the  parabolic  prediction  are  shown  in  Figure  23.  It  appears 
from  this  plot  that  as  the  depth  increases  (in  relation  to  the  width), 
the  free  surface  more  closely  resembles  the  parabolic  prediction.  The 
strains  computed  by  finite  elements  on  the  free  surface  are  shown  in 
Figure  24.  The  strains  appear  uniform  near  the  centerline  and  then  in¬ 
crease  toward  the  pavement  edge.  This  shape  is  slightly  different  than 
the  previous  surface  strains  (Figures  8,  15,  and  21)  in  that  it  is  more 
uniform  near  the  centerline. 

Influence  of  Seal  Size 

A  larger  seal  was  examined  to  determine  the  effects  of  the  seal 
size  on  the  strain  distribution.  The  baseline  mesh  for  the  1/4-  by 
1/4-inch  seal  (Figure  12)  was  increased  to  model  a  1/2-  by  1/2-inch  seal 
(see  Figure  25).  The  corner  element  where  the  high  strains  occur  is  the 
same  size  for  both  meshes.  The  calculation  on  the  1/2-  by  1/2-lnch  seal 
was  made  for  an  extension  of  1/4  inch  (50  percent). 

The  results  for  the  1/2-  by  1/2-lnch  seal  compared  to  the  1/4-  by 
1/4-lnch  seal  are  given  in  Table  6.  Reference  1  predicts  no  change  in 
maximum  strain  between  the  seals.  The  finite  element  results  indicate 
that  there  is  little  change  in  the  centerline  strain  but  shows  an  in¬ 
crease  of  31  percent  in  the  strain  at  the  corner.  The  free  surface 
deformations  computed  by  finite  elements  and  the  parabolic  prediction 
are  shown  in  Figure  26.  The  strains  computed  by  finite  elements  are 
shown  in  Figure  27.  Both  figures  show  the  same  basic  shapes  computed 
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for  the  1/4-  by  1/4-inch  seal  (see  Figures  14  and  15).  The  extension 
strain  (Ell)  contours  are  shown  in  Figure  28  and  show  virtually  no 
difference  from  the  1/4-  by  1/4-inch  results  (Figure  18). 


CCMILUSIONS 

The  finite  element  calculations  provide  some  useful  insights  on  the 
behavior  of  pavement  seals.  Indications  are  that  some  of  the  early  assump¬ 
tions  on  seal  behavior  (Ref  1)  may  not  be  adequate  for  a  large  range  of 
extensions.  Specifically,  the  two  assumptions  that  the  free  surface 
shape  is  parabolic  (no.  3)  and  the  strain  is  uniform  along  the  surface 
(no.  6)  aren't  accurate  for' all  extensions. 

Results  from  the  1/4-  by  1/4-lnch  and  the  1/4-  by  1/2-lnch  seal 
extensions  (Figures  5,  7,  14,  and  20)  indicate  that  the  seal  has  a  greater 
curvature  near  the  pavement  edge  than  the  parabolic  shape  assumes.  The 
constant  volume  assumption  (no.  2)  Is  still  maintained  In  the  finite 
element  calculations  because  of  the  material  models  used;  thus,  the 
Indentation  at  the  centerline  Is  less.  The  elastic  calculations 
demonstrated  that  the  effects  of  geometric  nonlinearities  played  a  major 
role  In  the  free  surface  deviating  from  the  parabolic  shape  (Figures  3 
and  5).  The  parabolic  shape,  however,  seems  to  provide  an  adequate 
approximation  for  deeper  seals  (Figure  23). 

The  assumption  of  a  uniform  strain  along  the  surface  (no.  6) 
doesn't  appear  to  be  valid  for  any  of  the  extensions  (Figures  8,  15,  21, 

24,  and  27).  Even  slightly  below  the  surface,  basic  nonuniform  strain 
shapes  emerge  (Figures  16  and  17).  The  peak  strain  at  the  corner  of  the 
free  surface  and  pavement  appears  to  be  mesh  sensitive.  High  strains 
in  the  seal  near  this  corner  do  exist;  however,  the  exact  value  is  in 
question.  This  is  confirmed  by  both  the  strains  taken  at  slightly  below 
the  surface  (Figures  16  and  17)  and  all  of  the  strain  contours  (Figures 
9,  10,  11,  18,  and  28).  It  is  expected  that  this  peak  value  will  also 
be  sensitive  to  the  compressibility  of  the  seal  material  (the  seal  is 
modeled  in  this  study  as  incompressible)  and  the  boundary  conditions 
(the  pavement  edge-seal  bond  is  perfect). 

Two  basic  shapes  emerge  from  the  surface  strains:  (1)  the  peak  at 
the  corner  with  a  steady  increase  toward  the  center  as  shown  in  Figures 
8,  15,  21,  and  27,  and  (2)  the  peak  of  the  corner  and  becoming  uniform 
toward  the  center  as  shown  in  Figure  24.  Except  for  the  corner,  the 
other  high  strain  area  (though  not  as  high)  occurs  at  the  center  of  the 
seal  (on  the  inside)  as  shown  by  the  contour  plots  in  Figures  9  and  18. 
Excluding  the  peak  strain  at  the  corner,  the  results  appear  to  be  inde¬ 
pendent  of  mesh  sizes  chosen  in  this  study. 

The  interpretation  of  the  results  of  this  study,  though  limited, 
for  practical  application  is  that  failures  in  joint  seals  should  occur 
first  at  the  pavement  edge-seal  interface.  This  is  justified  by  the 
existence  of  high  strains  near  the  corner  of  the  pavement  edge  and  free 
surface  (Figures  9,  18,  and  28).  Also,  the  pavement-seal  bond  would  be 
less  than  the  material  bond.  If  failure  occurs  elsewhere  (e.g.,  near 
the  centerline)  then,  based  upon  the  finite  element  results,  this  is  an 
Indication  of  an  Inferior  material  or  Improper  design. 
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Reference  1  (published  in  1959)  provided  a  useful  tool  in  analyzing 
and  designing  pavement  seals.  Now  with  modern  computers  and  finite  element 
technology,  a  more  accurate  picture  of  their  behavior  and  failure  mechanisms 
can  be  resolved  by  relaxing  some  of  the  assumptions  made  in  Reference  1. 
Stresses  and  strains  can  be  evaluated  not  only  on  the  surface  but  anywhere 
in  the  interior.  Further  studies  coupled  with  experimental  testing  can 
reduce  some  of  the  assumptions  (see  Recommendations)  made  in  this  study 
for  the  finite  element  calculations.  With  insights  created  by  better 
assumptions  and  a  larger  data  base  of  finite  element  calculations  and 
experimental  tests,  a  more  accurate  design  procedure  can  be  established. 


RECOMMENDATIONS 

1.  A  more  accurate  approximation  of  the  peak  strain  value  that 
occurs  at  the  corner  of  the  free  surface  and  the  pavement  needs  to  be 
established.  Its  sensitivity  to  mesh  size,  boundary  conditions,  vari¬ 
ation  in  seal  shape,  and  material  compressibility  should  be  evaluated 
and  compared  with  test  results. 

2.  Material  compressibility  may  significantly  influence  the 
strains  throughout  the  seal  as  it  is  extended.  Test  evaluations  may  be 
needed  since  there  is  no  evidence  in  the  literature  that  volumetric 
tests  have  ever  been  conducted.  Depending  on  whether  it  is  beneficial, 
the  compressibility  may  be  something  that  can  be  externally  controlled 
(e.g.,  air  entrainment). 

3.  The  adhesion  (boundary  conditions)  of  the  seal  material  to  the 
pavement  should  be  investigated  more  thoroughly.  The  various  materials 
used  as  pavement  seals  will  bond  differently  to  different  pavements. 

Also,  the  failure  mechanism  of  the  pavement-material  interface  could  be 
significantly  different  from  a  pure  material  failure.  Partial  yielding 
along  the  pavement-material  interface  could  significantly  influence 
strains  throughout  the  seal  and  change  the  failure  mechanisms.  This  is 
something  that  can  easily  be  modeled  by  the  finite  element  method. 

4.  Various  initial  seal  shapes  should  be  evaluated  to  determine 
their  influence  in  the  strains.  A  rectangular  shape  was  assumed  for 
this  study  but  other  shapes  may  result  due  to  field  applications  (see 
Figure  29). 

5.  Time  dependence  of  the  seal  material  has  not  been  mentioned  in 
this  study  but  is  a  real  world  effect.  The  high  shear  strains  (Figure 
11)  in  a  viscous  material  might  exist  for  rapid  expansions,  but  pavements 
tend  to  expand  and  contract  over  a  period  of  time.  This  period  of  time 
might  be  enough  to  allow  for  a  relaxation  of  these  shear  strains  and 
hence  principle  strains.  A  thorough  literature  search  and/or  a  test 
program  would  provide  the  data  necessary  to  model  the  time  dependence. 

The  finite  element  method  could  easily  Incorporate  this  time  dependence 
for  analysis. 
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6.  Finally,  a  larger  database  of  finite  element  calculations 
coupled  with  experimental  tests  could  provide  the  basis  for  a  simplified 
design  procedure.  This  procedure  might  exist  on  a  personal  computer 
where  a  database  of  common  pavement  seal  materials  might  also  be  kept. 
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Table  1.  Hyperelastic  Model  Parameters 

Derived  with  ABAQUS  Curve  Fitting 
Procedure  on  Data  of  Figure  6. 


Material 

Hyperelastic  Model 

Parameters 

So 

Si 

Rubberized  Asphalt 

-0.4478 

3.352 

Silicone 

0.2734 

3.942 

Polysulfide 

2.895 

4.472 

Table  2.  Principal  Strains  at  the  Corner 
Node  for  50%  Extension 


Description 

Element 
Edge 
Length 
(in.  ) 

Maximum 
Principal 
Strain 
(in. /in. ) 

Minimum 
Principal 
Strain 
(in. /in. ) 

Angle 

(deg) 

Mesh  1 

0.0125 

3.5180 

-0.4225 

-18.6 

Mesh  2 

0.00625 

4.6317 

-0.4448 

-16.7 

Mesh  3 

0.003125 

5.9390 

-0.8200 

-14.3 
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Table  3.  Influence  of  Width  for  1/8-Inch  Extension 


Parameter 

1/4-  by  1/4-Inch 
Seal 

1/4-  by  1/2-Inch 
Seal 

Reduction 

(%) 

Depth  (In. ) 

1/4 

1/4 

Width  ( In. ) 

1/4 

1/2 

Extension  (In.) 

1/8 

1/8 

Extension  (%) 

50 

25 

Maximum  strain 

(In./ln. )(Ref  1) 

0.60 

0.26 

-57 

Extension  strain 

(corner) 

(Finite  element) 

4.213 

1.679 

-60 

Extension  strain 

(centerline) 

(Finite  element) 

0.803 

0.328 

-59 

Table  4. 

Influence  of  Width  for  1/4-Inch  Extension 

Parameter 

1/4-  by  1/4-Inch 

1/4-  by  1/2-Inch 

Reduction 

Seal 

Seal 

(%) 

Depth  ( In . ) 

1/4 

1/4 

Width  ( In. ) 

1/4 

1/2 

Extension  (In.) 

1/8 

1/4 

Extension  (%) 

50 

50 

Maximum  strain 

(ln./ln.)(Ref  1) 

0.60 

0.53 

-12 

Extension  strain 

(corner) 

(Finite  element) 

4.213 

3.582 

-15 

Extension  strain 

(centerline) 

(Finite  element) 

0.803 

0.  747 

-7 
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Table  5.  Influence  of  Depth  for  1/8-Inch  Extension 


Parameter 

1/4- 

by  1/4-Inch 
Seal 

1/4-  by  1/2-Inch 
Seal 

Increase 

(%) 

Depth  (in.) 

1/4 

1/2 

Width  (in.) 

1/4 

1/4 

Extension  (in.) 

1/8 

1/8 

Extension  (%) 

50 

50 

Maximum  strain 
(in./ln. )(Ref  1) 

0.60 

0.87 

45 

Extension  strain 
(corner) 

(Finite  element) 

4.213 

7. 178 

70 

Extension  strain 
(centerline) 
(Finite  element) 

0.803 

0.833 

4 

Table  6. 

Influence  of  Seal 

Size  for  50%  Extension 

Parameter 

1/4- 

by  1/4 -Inch 
Seal 

1/2-  by  1/2-Inch 
Seal 

Increase 

(%) 

Depth  (in. ) 

1/4 

1/2 

Width  (in.) 

1/4 

1/2 

Extension  (in.) 

1/8 

1/4 

Extension  (%) 

50 

50 

Maximum  strain 
(In./ln. )(Ref  1) 

0.60 

0.60 

0 

Extension  strain 
(corner) 

(Finite  element) 

4.213 

5.522 

31 

Extension  strain 
(centerline) 
(Finite  element) 

0.803 

0.801 

-0.2 
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Sealed  Joint  ot  Minimum  Width 


Sealed  Joint  after  Exponsion 


'^mln  ^  nininnun  Joint  width 

•  Joint  width  of  any  axtanaion 

-  depth  of  sealer  in  the  Joint 

H  >  BaximuB  depth  of  the  parabolic  curve-in  line 

L  *  length  of  the  parabolic  arc  (line  ACB) 

e  cross-sectional  area  of  the  sealer 

s  area  of  the  parabola  ABC 

AW  •  asiount  of  Joint  expansion,  in  percent 

S  >  amount  of  maximum  strain  in  the  sealer 

max 

Figure  1.  Free  surface  prediction  using  parabolic  method  for  a  pavement 
seal  subjected  to  extension. 


Quarter  modeled 
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Figure  3.  Free  surface  deformations  from  small  strain,  elastic 
calculations  and  various  Poisson's  ratios. 


STRAIN  (IN/IN) 


„  -j  ,  ,  , - 1  I - , - 1 

0.00  0.02  0.04  0.06  0.08  0.10  0.12  O.U 


DISTANCE  FROM  EDGE  (IN) 

Figure  4.  Strains  on  free  surface  from  small  stra.ln,  elastic 
calculations  and  various  Poisson's  ratios. 
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DISTANCE  FROM  EDGE  (IN) 


Figure  5.  Free  surface  deformation  from  elastic  calculations  and 
geometric  nonlinearity. 
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igure  6.  Load  versus  elongation  curves  for  various  mater 


DEPTH  (IN) 


Figure  7.  Free  surface  deformation  for  various  seal  materials  at  an 
extension  of  50%. 
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Figure  9.  Strain  in  extension  direction  (Ell)  for  an  extension  of  50%. 
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Figure  10.  Strain  In  vertical  direction  (E22)  for  an  extension  of  50%. 
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Figure  11.  Shear  strain  (E12)  for  an  extension 
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Figure  12.  10  by  10  finite  element  mesh  no.  2  of  a  1/4-  by  1/4-inch 

pavement  seal  (symmetric  quarter). 
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Figure  13.  20  by  20  finite  element  mesh  no.  3  of  a  1/4-  by  1/4-inch 

pavement  seal  (symmetric  quarter). 


DISTANCE  FROM  EDGE  (IN) 


Figure  14.  Free  surface  deformation  for  various 
of  a  1/4-  by  1/4-inch  seal  subjected 


finite  element  meshes 
to  a  50%  extension. 


Figure  15,  Strains  on  free  surface  for  various  finite  element  meshes 
of  a  1/4-  by  1/4-lnch  seal  subjected  to  a  50%  extension. 
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STRAIN  (IN/IN) 


DISTANCE  FROM  EDGE  (IN) 


Figure  16.  Strains  at  0.00625  Inches  below  the  surface  for  various 

finite  element  meshes  of  a  1/4-  by  1/4-lnch  seal  subjecte< 
to  a  50%  extension. 
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STRAIN  (IN/IN) 


DISTANCE  FROM  EDGE  (IN) 


Figure  17.  Strains  at  0.0125  inches  below  the  surface  for  various 

finite  element  meshes  of  a  1/4-  by  1/4-lnch  seal  subjected 
to  a  50%  extension. 
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Figure  18.  Typical  plot  of  extension  strains  (Ell)  for  a  1/4-  by 
1/4- inch  pavement  seal. 
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Figure  19.  10  by  15  finite  element  mesh  of  a  1/4- inch  deep  by 

1/2-lnch  wide  pavement  seal  (symmetric  quarter). 
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Figure  21.  Strains  on  free  surface  of  a  1/4-lnch  deep  by  1/2-lnch  wide 
pavement  seal  subjected  to  25%  and  50%  extensions. 
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Figure  22.  15  by  10  finite  element  mesh  of  a  1/2-inch  deep  by 

1/4-lnch  wide  pavement  seal  (symmetric  quarter). 
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Figure  25.  15  by  15  finite  element  mesh  of  a  1/2-  by  1/2-lnch  pavement 

seal  (symmetric  quarter). 
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DCPTH  (IN) 


Figure  26.  Free  surface  deformation  of  a  1/2-  by  1/2-inch  pavement  seal 
subjected  to  50%  extension. 
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STRAIN  (IN/IN) 


DISTANCE  EROM  EDGE  (IN) 

Figure  27.  Strains  on  free  surface  of  a  1/2-  by  1/2-inch  pavement  seal 
subjected  to  50%  extension. 
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Figure  28.  Contour  plot  of  extension  strains  (Ell)  for  a  1/2-  by 
1/2 -Inch  pavement  seal. 
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Figure  29.  Possible  variations  in  initial  pavement  seal  shape 
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